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Performance of a solenoid-driven pulsed tiolecular-beam source 
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Institute de Estructura de la Materia (CSIC), Serrano 123, 28006 Madrid, Spain 
(Received 9 February 1995; accepted for publication 27 March 1995) 
The characteristics of a commonly used pulsed valve for the production of free jets and molecular 
beams are analyzed in detail. Special attention is paid to the formation of gas pulses providing a 
quasisteady flow during a certain time interval within the pulse duration, and to the estimation of a 
scaling parameter (effective diameter) for the description of the flow field. The adequacy of this 
effective diameter is checked by performing time-of-flight measurements on molecular beams of 
Ne, N2, and CH4, and stimulated Raman spectra on free jets of N2 and CH4. 0 1995Americun 
Tnstitute of Physics. 
I. INTRODUCTION 
The use of pulsed molecular-beam sources has become 
widespread over the last decades in many fields of research. 
Since the pioneering work of Hagena and co-worker@ 
many types of pulsed valves have been developed.“-% The 
initial designs were often based on gas puffing devices for 
studies in plasma physics3-628 and were then more or less 
modified in order to meet the specific requirements of a great 
variety of experiments in spectroscopy,11218’2z~Z crossed 
beams scattering,“6-30 and cluster research.31-33 A good re- 
view with a detailed account of the characteristics of pulsed 
valves, as well as a comparison of their performance with 
that of continuous beam sources, has been written by 
Gentry.34 
The most obvious advantage of pulsed molecular beams 
is their low duty factor, which allows comparatively strong 
expansions and high instantaneous intensities to be reached 
with moderate pumping capabilities and low sample con- 
sumption. These advantages are best exploited in experi- 
ments including other pulsed elements (e.g., pulsed lasers). 
Nowadays gas pulses lasting for ten to several hundred mi- 
croseconds are commonly used. .i 
Practical questions concerning the performance of 
pulsed valves are related to the transmission of the driving 
pulse to the moving parts of the valve mechanism and refer 
to the effective opening and closing of the valve, as well as 
to the actual shape of the gas pulse and to its delay with 
respect to the driving signal. These questions .:depend 
strongly on the particular design of the different valves. A 
more conceptual issue related to the general operation of 
pulsed beam sources concerns the dynamical properties of 
the gas flow at different times in the pulse and, in particular, 
the possibility of reaching a quasisteady flow condition simi- 
lar to the one occurring for continuous sources. Saenger and 
Fenn35’36 have shown that besides the time needed for the 
full mechanical opening and closing of the source, a mini- 
mum time interval is required for the flow to reach a steady 
condition. This time interval depends on the nature of the gas 
and on the source parameters (i.e., pressure po, temperature 
TO, and diameter of the source orifice, d) and, according to 
“Present address: Universidad Alfonso X el Sabio, Villanueva de la Cahada, 
28691 Madrid, Spain. 
their estimates for room temperature and for values of pod 
up to 125 mbar cm, this time interval should be at most in 
the tens of microseconds. Thus nonsteady flow is only likely 
to be a problem making difficult the theoretical predictions 
of the flow properties in very short gas pulses which, on the 
other hand, have special advantages for high-resolution ex- 
periments using time of flight (TOF) detection. This could be 
the case in some of the “hairpin” valves operated with a 
current loop such as those designed by Gentry and Giese.‘0V34 
Other experiments do not require such short pulses. 
Many of the commonly used valves are based on the 
movement of a stem against a circular orifice. This mecha- 
nism is relatively slow and precludes in general the produc- 
tion of pulses shorter than 100 ,LLS. In this case, the obtain- 
ment of a steady flow is limited .by the mechanical 
displacement of the stem rather than by the intrinsic non- 
steady flow interval and, usually, operating conditions pro- 
viding a constant opening for a significant portion of the 
pulse can be selected. The evolution of the effective open 
area can be modeled in principle, Such a model has been 
developed recently by Zou et ~~1.~7 and has been applied to 
the calculation of the total number of molecules injected into 
a reactor with a gas pulse. However, this simple model can- 
not account for the pulse shape. 
A problem often encountered with this type of valve is 
that they do not open fully, i.e., that the effective exit area in 
the “full open” position is smaller than the nominal size of 
the orifice.This is usually due to an insufficient retreat of the 
closing stem. The effective opening area is then defined by 
the shape and by the actual position of the stem tip. Under 
such conditions, the real exit can differ markedly from that 
expected for an ideal circular sonic nozzle, for which simple 
theoretical expressions, relating the flow properties to the 
source parameters (po,To,d), are known to be reliable. In 
these cases it is of particular interest to establish whether an 
effective, size, analogous to the nozzle diameter of continu- 
ous sources and appropriate for the scaling of the flow field, 
can be defined from the actual opening of pulsed valves. A 
study of this type was carried out by Andresen et al.38 for a 
commercial valve operated with a piezoelectric crystal. In 
this study the authors defined an effective diameter derr as 
that of a circle with an area identical to the actual opening 
and investigated the scaling of the terminal speed ratios with 
the product pod,,, which is a measure of the source Knud- 
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sen number. A comparison with some continuous beam re- 
sults for several gases showed that the scaling with this ef- 
fective diameter was correct. 
In the present work, we analyze the behavior of a com- 
monly used commercially available pulsed valve driven by 
means of a solenoid. This valve is handy, has compact con- 
struction, and has been adapted for different applications, 
which range from the generation of very cold H, beams3’ to 
the production of radicals by pyrolysis.4o Special emphasis is 
made in the estimation of an effective diameter related to the 
actual opening of the valve. In order to check the adequacy 
of this effective diameter as a scaling length for the flow 
field, we have used two different molecular properties: the 
evolution of the rotational temperature (Trot) of a diatomic 
(NJ and a polyatomic (CH,) molecule in the early stages of 
the supersonic expansion, and the terminal parallel speed ra- 
tio SII ,m (i.e., the ratio of the flow velocity to the average 
thermal velocity) reached in expansions of a monatomic gas, 
Ne, and of the former two species, Na and CH4. The rota- 
tional temperatures have been determined from high- 
resolution stimulated raman scattering (SRS), and the veloc- 
ity distributions from TOF measurements. The results are 
discussed and compared to current models and to experi- 
ments performed by other authors with continuous nozzles. 
CH 
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The valve studied in the present work is a commercial 
one (General Valve Corporation, series 9, rated for 12 VDC). 
A scheme of this valve is shown in Fig. l(a). The exit nozzle 
is a small channel with two conical ends through the front 
plate of the valve. The shutting stem is a small Teflon cylin- 
der (1.8 mm diameter) ending in a conical tip that fits into 
the nozzle channel in the closed position. The frontplate 
piece containing the nozzle is provided with a screw thread, 
and can be separated from the main body of the valve; the 
position of this piece must be adjusted carefully in order to 
get a proper operation of the shutting poppet. The nominal 
diameter of the circular cross section at the narrowest part of 
the nozzle is 0.5 mm. The outer nozzle cone has a length of 
0.5 mm and a half angle of 45”. Such a wide cone is not 
expected to significantly affect the properties of the gas flow 
at the jet axis.31 In order to perform SRS experiments closer 
to the actual origin of the expansion, the conical exit was 
removed by machining a rectangular channel 2 mm wide and 
0.5 mm deep on the outer face of the frontplate. SRS and 
TOF measurements carried out with and without the men- 
tioned conical exit did not show any appreciable differences. 
For the particular valve model we used, the electrical speci- 
fications given by the manufacturer were 12 V, 1 A for 2 ms 
pulses. In the present work, pulses up to 60 V and variable 
duration (usually around 1 ms) were used. These pulses were 
supplied to the valve by means of a transistor operating be- 
tween cut and saturation, driven by a pulse generator. The 
valve was placed between the continuous voltage supply and 
the transistor collector. In all the experiments described here, 
the pulsed valve was kept at room temperature. 
PIG. 1. (a) Scheme of the solenoid-driven pulsed molecular-beam source 
(not to scale). The dashed line represents the depth of the rectangular chan- 
nel machined on the front of the valve in order to perform SRS measure- 
ments. (b) Experimental setup for the time-of-flight measurements. Cl, C2, 
C3, and C4 are the vacuum chambers; PN, pulsed nozzle; SK, shimmer; CH, 
chopper; QMS, quadrupole mass spectrometer. (c) Arrangement used in the 
stimulated Raman scattering experiments. PIG, fast ionization gauge; L, 
lens; D, dichroic mirror. 
and SRS experiments. The movement along the beam axis 
was achieved by means of a linear motion feedthrough pro- 
vided with a micrometric screw. The precision in axial move- 
ment of the molecular-beam source is estimated to be about 
10 ,um. 
The gas pulses generated from the valve were monitored 
by means of a fast ionization gauge (FIG) built in our labo- 
ratory according to the design of Gentry and Giese” with 
slight modifications. This FIG has a rise time of about 1 F. 
Time profiles of the gas pulses were taken at a few centime- 
ters of the exit of the valve (typically 2-8, depending on the 
experiment). The FIG was mounted on a movable shaft and 
was removed from the beam direction after the characteriza- 
tion of the pulses. 
The valve was mounted on a movable base that could be 
displaced under vacuum in the x, y, and z directions in order 
to allow the alignment of the molecular beams in the TOF 
The experimental setup for the TOF measurements is 
shown in Fig. l(b). It consists of four interconnected vacuum 
chambers evacuated by oil diffusion pumps. The first cham- 
ber (C,) is the one where the supersonic expansions take 
place; it is pumped by a 2000 / s-r diffusion pump, backed 
by an assembly of a 400 m3 h-r Roots pump and a 70 m3 h-r 
single-stage rotary pump. This chamber was connected to the 
rest of the apparatus by a conical skimmer with an inner 
{outer) angle of 25” (32”) and with a circular orifice of 0.8 
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mm at the tip. The nozzle exit was placed at 8-10 cm from 
the skimmer, and the pulse frequency was made slow enough 
as to keep the average background pressure in the 10e5 mbar 
range, in order to avoid the attenuation of the beam. The next 
chamber (c,,>, containing a mechanical chopper, is pumped 
by a 700 & se1 diffusion pump, and the pressure during op- 
eration is kept below 5X10d6 mbar. An additional differen- 
tial pumping step is provided by the third chamber (Cs), 
where the pressure is lower than 3X10w6 mbar. This cham- 
ber communicates with the detector chamber by means of a 
circular collimator of 3 mm diameter. The detector chamber 
(C,) is pumped with a 300 f s-r diffusion pump provided 
with a liquid-nitrogen trap. The pressure during the mea- 
surements was between 2 and 7X 10e7 mbar. The detector for 
the TOF experiments was an electron bombardment quadru- 
pole mass spectrometer provided with a secondary electron 
multiplier (SEM). The SEM was operated in the analog 
mode, and the output current was passed through a preamp- 
lifier (gain lo6 V/A, rise time 4 pus) and then taken to a 
digital oscilloscope working in the average mode. The whole 
mass spectrometer assembly was mounted on a 100 CF 
vacuum flange and placed in a cross beam configuration [see 
Fig. l(b)]. The flight path L from the chopper to the detector 
was between 60 and 70 cm, depending on the experiment. 
The chopper was a rotating copper disk with a radius of 5 cm 
cut from a 0.25 mm thick foil and provided with two slits 1 
mm wide. The chopper disk was rotated at a speed of 11 280 
rpm by means of a cw electrical motor. The gate function for 
our experimental arrangement had a full width at half maxi- 
mum of 23 ,us. The chopper velocity was stabilized by 
means of an electronic servo-mechanism, based on a phase- 
locked loop, made in the laboratory. The deconvolution and 
treatment of the TOF data to obtain velocity distributions and 
final translational temperatures of the beams was done by 
using standard procedures.41 In order to synchronize the 
chopper slit with different points of the gas pulse, a reference 
was taken from the chopper photodiode to the electrical 
pulse generator, where adequate delay between the chopper 
and the opening of the valve was selected. 
The experimental setup for the stimulated Raman scat- 
tering was used in the stimulated Raman loss version; it has 
been described in detail elsewhere”2.43 and only a brief ac- 
count will be given here. Pump and probe laser beams with 
parallel polarization were mixed collinearly by means of a 
dichroic mirror. The residual spectrum due to background 
gas inside the chamber was negligible for our experimental 
conditions. This permitted us to use this collinear configura- 
tion for probe and pump beams, allowing for a better S/N 
ratio and easier alignment. For N,, however, a very broad 
spectrum, due to atmospheric N2 from outside the expansion 
chamber, along the collinear path, is overimposed to the 
sharp jet spectrum. In this case we used a slightly crossed 
configuration and performed background subtraction by 
pulsing the valve at half the rate of the laser shots. The laser 
beams were focused on the axis of the expanding jet inside 
the vacuum chamber by using a relatively large focal length 
lens, f=500 mm. This long focal length was used in order to 
avoid significant broadening or shifting due to the second- 
order Stark effect. The probe beam was provided by a stabi- 
lized Ar+ laser operating in single mode at 514 run. The 
output signal had a bandwidth of less than 1 MHz and a 
power of about 350 mW. In order to avoid saturation of the 
detector, this laser beam is mechanically chopped to 100 ,U 
pulses. For the pump beam, the emission of a ring dye laser 
operated with Rhodamine 6G was pulse amplified in a three- 
stage amplifier, pumped by the second harmonic of a seeded 
Nd:YAG laser with an extended cavity. Sulphorhodamine 
640 and Kiton red were used in the amplifier for the CH4 and 
N2 experiments, respectively. The output of the pump laser 
consisted of pulses of 12 ns with a temporal and spatial 
Gaussian shape and with a bandwidth of ~100 MHz limited 
by the Fourier transform of the time width of the pulses. The 
energy per pulse was about 7 mJ and the repetition rate 14 
Hz. Laser and valve pulses were synchronized by means of a 
pulse generator, which allowed selection of the delay be- 
tween the opening of the valve and the laser pulse. The spec- 
troscopic signal, given by the intensity loss of the probe laser 
beam, is detected with a fast photodiode and acquired by 
means of a boxcar averager. 
III. RESULTS AND DISCUSSION 
Typical time profiles of two gas pulses from the solenoid 
valve, recorded with the fast ionization gauge placed at 2 cm 
from the nozzle exit, are shown in Fig. 2(a). The two gas 
pulse structures correspond to the same driving voltage pulse 
shape (also shown), which is a square electrical signal of 1 
ms duration and 60 V amplitude, but have been recorded on 
different days. As can be seen, in both cases the main gas 
pulse is wider than the driving signal, and there is a delay 
between the beginning of the electrical signal and the begin- 
ning of the gas pulse, due to the electrical impedance of the 
coil and to mechanical inertia of the moving parts. Besides 
the main gas pulse, other pulses due to rebounds of the clos- 
ing mechanism are frequently present. These rebounds usu- 
ally grow in number and intensity with an increase in the 
duration of the pulse. For a given electrical pulse and source 
pressure the rebound structure can vary within a few days of 
work [see lower panels of Fig. 2(a)], especially for pulses 
longer than 1 ms. In fact, the amount of gas entering the 
chamber through secondary pulses can be comparable or 
even greater than the amount corresponding to the lirst pulse. 
In the closed position, the valve had no appreciable leak to 
the expansion chamber, even for source pressures of 7 bar. 
For our operative conditions (60 V) and for our particu- 
lar source, gas pulses longer than about 500 ,U lead to FIG 
signals of an approximately trapezoidal shape. The height of 
the flat pulse region does not vary with increasing duration. 
Shorter pulses have a rather triangular shape, and a signiti- 
cant intensity decrease at the maximum is observed with 
decreasing pulse duration. The shape and intensity of the 
shorter pulses can vary strongly from day to day, due con- 
ceivably to slight changes in the mechanical adjustment of 
the valve. For the longer pulses, this effect is not too impor- 
tant. For source pressures higher than 1.5-2 bar, gas pulses 
longer than about 500-700 ,Z are nearly square; for lower 
values of the source pressure these pulses have a rounder 
shape at the edges of the plateau. 
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FIG. 2. (a) Voltage driving pulse of 1 ms (upper panel) and form of two gas 
pulse structurea corresponding to this electrical signal (middle and lower 
panel) for a source pressure of 1500 mbar taken at different days, PN, pulsed 
nozzle; FIG, fast ionization gauge. Most pulses used in the present work are 
of the type depicted in the middle panel. The two arrows show approxi- 
mately the positions where the two series of TOF and stimulated Raman- 
scattering measurements have been carried out [see Figs. 3 and 5). (b) Ef- 
fective nozzle diameter (determined from the gas pulse shape and mass flow 
rate) as a function of the source pressure; the nominal nozzle diameter is 
0.05 cm. Triangles and circles are measurements with Nz and squares mea- 
surements with He. The circles with error bars represent the average values 
of a series of 20 determinations carried out along several weeks of continued 
work, the error bars correspond to one standard deviation. 
The flat gas pulse region is expected to correspond to a 
constant effective area of the source opening. In order to 
determine this effective area we placed the nozzle assembly 
and FIG in an isolated expansion chamber identical to Cr, 
and recorded with the FIG the pattern of gas pulses (i.e., 
main pulse and rebounds) for a given operation condition; 
we have assumed that the intensity of the signal recorded by 
the FIG at a given time is proportional to- the actual opening 
of the nozzle. Then we closed the gate valve separating the 
expansion chamber from the diffusion pump and let the gas 
pulses fill the chamber (.of well-known volume) up to a pres- 
sure of approximately 1 mbar. This pressure was precisely 
measured with a Hg compression manometer. The time 
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needed to reach this pressure was measured by means of a 
chronometer. Knowing the total amount of gas flowing into 
the chamber during a given time, as well as the pattern and 
frequency of the valve pulses, it is not difficult to estimate 
the effective exit area AeE corresponding to the plateau re- 
gion of the first peak, which is the one on which we have 
concentrated. Although it is not evident that the limiting exit 
area should have a circular shape, we have defined, in anal- 
ogy with Andresen et uZ.,~* an effective diameter as 
deff=(4XA,ff/rr)1’2, and have used this deff tentatively as a 
scaling length for the flow field. In most cases nitrogen was 
used for the determination of effective diameters; measure- 
ments with other gases led to the same results. In Ref. 38, the 
effective diameter of a valve driven with a piezoelectric crys- 
tal was determined by applying a voltage to the crystal and 
measuring the continuous gas flow through the nozzle. This 
procedure is not appropriate to solenoid valves if short pulses 
are wanted, since, in order to get small rise times, usually 
much higher voltages than those adequate for continuous op- 
eration are used. 
For our particular pulsed valve, the estimated effective 
diameters are around 0.04 cm (as co’mpared to the nominal 
one of 0.05 cm), and vary slightly with the source pressure 
[see Fig. 2(b)]. The effective openings attained with the 
present solenoid source are thus somewhat smaller than the 
nominal diameter of the exit hole. They are, however, larger 
than those obtained with piezoelectric valves for the same 
nominal diameter, as observed in Ref. 38 and in tests per- 
formed in our laboratory with an improved version of the 
valve mentioned in this reference. For each value of the 
source pressure, and for gas pulses longer than -500 +, the 
def corresponding to the plateau of the first gas peak is al- 
most independent of the pulse duration or frequency. This is 
true even in the case of complex secondary patterns, like the 
one shown in the lower panel of Fig. 2(a). The effective 
diameters thus obtained were seen to be very repetitive. In 
the course of tens of determinations carried out along several 
months, implying hundreds of thousands of shots, the Jeff 
values obtained for a given p. never varied by more than 
8%. 
Time-of-flight measurements were performed on the 
skimmed molecular beams formed from supersonic jets of 
pure Ne, N2, and CH,. For all three gases, expansions cor- 
responding to pod,, values up to 100 mbar cm were inves- 
tigated. Even for the strongest expansions considered, the 
ratio of dimer ion to monomer ion recorded in the quadm- 
pole mass spectrometer was less than O.l%, and no signals 
corresponding to masses larger than those of dimer ions were 
detected. 
The terminal parallel speed ratios obtained from the TOF 
measurements are represented in Fig. 3 as a function of the 
product padeE. Two series of measurements were carried out 
at two different positions in the gas pulse: the first one 50 w 
after the beginning of the plateau region and the second one 
at the center of the pulse [see arrows in the middle panel of 
Fig. 2(a)]. It can be seen that the two series of measurements 
hardly differ from each other. These measurements, together 
with the SRS ones shown in Fig. 4, indicate that the tlat 
region of the gas pulse actually corresponds to a quasisteady 
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FIG. 3. Terminal parallel speed ratios of molecular beams of Ne (upper 
panel), Na (middle panel), and CHH, (lower panel) as a function of pad,,. 
Circles and triangles correspond to the present pulsed beam results. The 
circles are measurements taken 50 p after the beginning of the pulse pla- 
teau and the triangles are measurements at the center of the pulse [see 
arrows in the middle panel of Fig. 2(a)]. The squares are the results from 
continuous beams reported in Refs. 46 and 47. The curves have been calcu- 
lated by using the theoretical model from Ref. 44. The parameters used for 
y=8/6 (methane) have been interpolated from the ones given in Table 2.3 of 
the same reference. 
flow, and that the quasisteady flow condition is reached 
shortly (at most tens of microseconds) after the beginning of 
the plateau region, in accordance with the results of Refs. 35 
and 36. 
The curves displayed in Fig. 3 correspond to the final 
speed ratios given by the theoretical model from Refs. 44 
and 45. The values of the adiabatic coefficient (r) used in the 
calculations were 5/3 for Ne, 7/5 for N,, and 8/6 for CH,; 
the last two values correspond, respectively, to linear and 
nonlinear molecules if one neglects the contribution of the 
vibrational degrees of freedom. The squares are literature 
results for molecular beams from continuous sources.46247 
The theoretical model describes well the general evolution of 
go- 
Y . 
% c= 
40- 
04 
0 5 10 15 20 25 
xfdett 
FIG. 4. Evolution of the rotational temperature in free jets of N, (upper 
panel) and CX& (lower panel). Circles and triangles have the same meaning 
as in Fig. 3. Squares are the results from spontaneous Raman spectra on jets 
from continuous nozzles (see Ref. 48). The solid curves correspond to the 
expected isentropic behavior (see Ref. 44) for y=7/5 and s/6, respectively. 
the final speed ratios with the source Knudsen number and, 
in particular, the large differences in the values of Slbrn for 
mono- and polyatomic gases; however, the calculated tinal 
speed ratios deviate from the experimental ones by lo-15% 
in the cases of Ne and N2 for pad,n values larger than 30-40 
mbar cm. In previous studies with continuous beams,46*47 a 
similar deviation between experimental values and theoreti- 
cal correlations was observed, and it was suggested that it 
could be due to scattering with the background gas in the 
expansion chamber or to interaction of the molecular beam 
with the skimmer. However, the good agreement of the con- 
tinuous beam measurements with the present pulsed beam 
results, which have been obtained with a different experi- 
mental arrangement having a longer beam-skimmer distance 
and a lower background pressure, also suggests a possible 
inaccuracy of the theoretical model for large J&., values. 
Rotational temperatures of N2 and CH4 derived from 
SRS spectra, performed at different distances to the nozzle 
exit, are shown in Fig. 4. A source pressure of 1500 mbar 
was selected for these experiments. This pressure was chosen 
in order to have a number of collisions high enough to ensure 
that thermal equilibrium between the translational and rota- 
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FIG. 5. Experimental and simulated SRS spectra of methane for two differ- 
ent distances to the nozzle exit. 
tional degrees of freedom is maintained until late in the ex- 
pansion. Again in this case two series of measurements have 
been carried out at the two positions of the gas pulse men- 
tioned above [see Fig. 2(a)]. 
The spectra were recorded in the region between 
2329.00 and 2330.00 cm-’ for nitrogen (i.e., in the range of 
the fundamental vibrational mode) and in the region between 
2916.40 and 2917.95 cm-l for CH,, which corresponds to 
the v, stretching fundamental. The SRS spectral lines are 
broadened by the spread of transversal yelocity associated 
with the divergence of the jet. In the case of Nz the spectra 
show full rotational resolution, whereas for CH,, especially 
in the measurements close to the nozzle exit, where tempera- 
ture and pressure are comparatively high, some of the lines 
were not fully resolved. In order to simulate the spectra, it 
was taken into account that the proportion of the different 
nuclear-spin varieties of methane does not change in the 
course of the expansion48-50 and corresponds to the one at 
the source (i.e., to the one at room temperature). In previous 
Raman and IR studies performed in CH4 jets,“8Jo difficulties 
are reported for the assignment of a  Boltzmann distribution 
or a unique rotational temperature for the yarious nuclear- 
spin modifications: However, all of our SRS spectra, includ- 
ing the coldest ones where nonequilibrium effects are more 
likely to occur, could be satisfactorily reproduced by assum- 
ing a Boltzmann distribution of rotational levels within each 
nuclear-spin variety and the same temperature of the ortho-, 
meta-, and paramethane molecules for any given distance to 
the nozzle exit. As an illustration, two of the CH4 SRS spec- 
tra and their corresponding simulations are shown in Fig. 5. 
The solid curves in Fig. 4  show the temperature behavior 
expected in an isentropic axisymmetric expansion44 for y 
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values of 7/5 (upper panel) and 8/6(Iower panel). An overall 
good agreement with small discrepancies is found between 
the measurements and the isentropic cul;ves; for large x/d, 
values the measured values lie slightly above the curves. No 
attempt has been made to use a more refined model (includ- 
ing, for instance, a variable 7) for the comparison. The ac- 
cordance is aIso good between the present data and the ap- 
proximate ternptures derived from spontaneous Raman 
measurements performed on supersonic. expansions of 
methane and nitrogen from continuous nozzles. These expan- 
sions were stronger (pod= 175 mbar cm) than those of the 
present work, bht in the absence of sigpificant clustering, and 
as far as the number of collisions is high enough to maintain 
thermal equilibrium between translation and rotation, the 
same T,,, behavior (i.e., approximately the isentropic one) is 
expected for all expansions. 
In the previous paragraphs we have described a proce- 
dure to estimate an effective diameter corresponding to the 
flat (constant intensity) region of gas p&es from a pulsed 
molecular-beam source. In order to check the validity of the 
estimated effective diameter, terminal parallel speed ratios 
(which depend on podeE and on 7) in molecular beams of 
Ne, N,, and CH,, and rotational temperatures (which depend 
on x/def, and on 7) in free jets of N, and CH,, have ,been 
measured at two positions in the pulse. These measurements 
have provided a set of diverse dependences for d,@ (see Figs. 
3 and 4). The results of the measurements show that the 
plateau region of the gas pulsk corresponds to a quasisteady 
flow, and the comparison of the present data with other from 
continuous nozzles demonstrates that the effective diameter 
calculated from the estimated opening area is indeed ad- 
equate as a characteristic length for the scaling of the flow 
field. 
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